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Using density-functional theory within the generalized gradient approximation, we investigate the adsorption
of oxygen on Rh~111! as a function of coverage Q . At the coverages of 0.25 monolayer ~ML! and 0.5 ML
oxygen ~occupying fcc-hollow sites!, the calculated atomic geometries ~interlayer spacings, bond lengths, and
lateral displacements! are in excellent agreement with those of previous low-energy electron-diffraction inten-
sity analyses. We find a strong coverage dependence of the oxygen-induced buckling relaxations and a sub-
stantial overall expansion of the first interlayer spacing, reflecting a weakening of metal-metal bonds between
the two outer substrate layers. The work functions of the relaxed structures are presented, and the stability of
the adlayers is analyzed. We also predict that the existence of a dense O overlayer (Q51 ML! with a
(131) periodicity is possible, because oxygen will be incorporated as a subsurface adsorbate only when the
(131) adlayer is ~nearly! completed. @S0163-1829~99!10219-4#I. INTRODUCTION
Understanding the nature of the interaction between oxy-
gen and metal surfaces is crucial to elucidating the role of
oxygen in a number of important technological processes
such as oxidation, corrosion, and heterogeneous catalysis.
The structures that are formed on transition-metal surfaces
when they are exposed to oxygen vary from adlayers to oxy-
gen penetration in the subsurface region to the formation of
surface oxides, depending markedly on the partial pressure
and temperature and on the orientation of the surface of the
particular metal. In this paper we present results for Rh~111!
and compare them to some published work on Ru~0001!, the
left neighbor of Rh in the periodic table. On Rh~111! and
Ru~0001! at room temperature and low pressures, dissocia-
tive chemisorption occurs and ordered structures form. The
most densely packed surfaces of rhodium and ruthenium are
fairly stable against reconstruction; however, relaxations of
the substrate atoms induced by oxygen adsorption can be
significant.1,2 At higher coverages and temperatures, oxygen
may penetrate below the surface, and/or an oxide structure
might form. Both the presence of subsurface oxygen and of a
surface oxide significantly alter the physical and chemical
properties of metal surfaces.3–9 Recently, the oxygen adsorp-
tion on Ru~0001! has been investigated by density-functional
theory ~DFT! calculations and the stability of a high-
coverage (131) structure has been predicted.10 Subse-
quently, the existence of this dense phase has been confirmed
experimentally.11 The DFT calculations also concluded that
oxygen can be built in as a subsurface adsorbate, but this
would happen only after the (131) adlayer is completed. In
this high-coverage adsorbate phase (Q>1) the O-Ru bond
strength was found to be particularly weak. It has been ar-
gued that this small oxygen binding energy is likely to en-
hance the rate of oxidation reaction on Ru~0001! as for ex-
ample the catalytic oxidation of CO.10 Recent experimental
work12 shows that the CO/CO2 conversion rate is still higher
for oxygen coverages beyond 3 ML, which seems to imply
that a high concentration of subsurface oxygen destabilizes
the on-surface oxygen even further. The activity for CO oxi-PRB 590163-1829/99/59~23!/15533~11!/$15.00dation on Rh~111! shows quite different behavior.13 It ap-
pears that when Rh is exposed to a high dose of oxygen the
adsorption of CO and CO2 formation are poisoned due to
surface oxide formation.14,15 Apparently, unreactive surface
oxides are more likely to form on Rh than on Ru surfaces.
Still, the microscopic process and mechanism of oxide for-
mation on these transition-metal surfaces is not understood.
Even the qualitative difference between a high-coverage
oxygen adsorbate phase, e.g., a full on-surface monolayer
plus subsurface oxygen, and a surface oxide is unclear; thus
the detailed nature of these distinct states of oxygen has not
been precisely defined yet. The present study was undertaken
to specifically examine the structural and electronic proper-
ties of oxygen covered Rh~111! surfaces as a first step to-
wards the understanding of the elementary steps governing
the onset of surface oxide formation.
The surface crystal structure of oxygen covered Rh~111!
has been studied experimentally using primarily low-energy
electron diffraction ~LEED! and scanning tunnel microscopy
~STM!.2,16–22 Only a few theoretical calculations have been
devoted to the O/Rh~111! system. So far, no fully self-
consistent calculations of the structural and electronic prop-
erties of O chemisorption on Rh~111! have been reported.
Chen et al.23 investigated the bonding of atomic oxygen on
Rh~111! using density-functional theory within the general-
ized gradient approximation ~DFT-GGA! for an oxygen
atom bonded to a ten-atom Rh cluster designed to model the
~111! surface. Recently, Loffreda et al.24 performed self-
consistent DFT-GGA calculations of the electronic proper-
ties of O on Rh~111!, where the periodic system has been
modeled by a two-dimensional rhodium slab with frozen ge-
ometry, on which O adlayers are set. Thus the fine details of
the chemisorption structure have been neglected.
In this paper, we present results of density-functional cal-
culations within the generalized gradient approximation for
oxygen chemisorption on a seven-layer ~111! Rh slab. Of
particular interest was to determine the lowest-energy struc-
tures of the two lower coverage phases as reported from
LEED intensity analyses, namely the O-(232) (Q
50.25 ML) and the O-(231) (Q50.5 ML) phases with15 533 ©1999 The American Physical Society
15 534 PRB 59M. V. GANDUGLIA-PIROVANO AND M. SCHEFFLERoxygen adatoms at the fcc-hollow sites.19,20,25,26 We also per-
formed calculations for oxygen in the hcp-hollow sites.
Higher coverage ordered structures, namely O-(131) (Q
51 ML), have also been considered. For each coverage we
performed a full structure optimization, including substrate
relaxations. The results are in excellent agreement with the
experimentally obtained atomic geometry for the O-(232)
and O-(231) phases. We show that with increasing oxygen
coverage the outermost substrate interlayer spacing expands
considerably. In particular, we obtain that 1.0 ML of O ada-
toms in a (131) structure at the fcc-hollow sites induces a
relative expansion of ;7% of the first Rh layer with respect
to the bulk. This oxygen-induced effect on the Rh~111! sub-
strate is much more pronounced than that reported for the
neighboring Ru~0001! surface,10 for which 1 ML of O causes
a 3% relative expansion.
The stability of the O-(131) adlayer structure on
Rh~111! has been asserted by both Loffreda et al. and by the
present calculations, which predict the adsorption of O in a
(131) adlayer structure to be exothermic. Using molecular
oxygen under UHV conditions the (131) phase has not
been observed to form, and the saturation coverage for mo-
lecular oxygen exposure at room temperature remains a mat-
ter of controversy,21 with reported values ranging from 0.25
to 0.83 ML.20,22,27,28 In this respect, the situation of Rh~111!
resembles that of Ru~0001! before the work of Refs. 10 and
11 had appeared. The problem is that when dissociation of
O2 is hindered by an energy barrier the experimental deter-
mination of the maximum atomic O surface coverage is very
difficult. As was done for Ru~0001!,11 Schwegmann et al.
tried to prepare an O-(131) structure on Rh~111! by expos-
ing O-(231)/Rh(111) to NO2 at T5600 K,20 but in con-
trast to Ru they were not successful.
The remainder of this paper is organized as follows. In
Sec. II, we specify the details of the first-principles calcula-
tions. In Sec. III, we present and discuss the results of the
full structure optimization for the clean and O-covered
Rh~111! surfaces and for the coverage dependence of the
work function. In Sec. IV, we present results for the heat of
dissociative adsorption of O2. The present results for O ad-
sorbed on Rh~111! are discussed and compared with corre-
sponding results for an O-covered Ru~0001! surface that
have appeared in the literature. In Sec. V, our results and
conclusions are summarized.
II. CALCULATIONAL DETAILS
All the calculations have been performed using DFT and
the GGA of Perdew et al.29 for the exchange-correlation
functional as implemented in the all-electron full-potential–
linear augmented plane-wave method ~FP-LAPW!.30,31 This
implementation includes total-energy and atomic force cal-
culations, which allows a full structure optimization via a
damped molecular-dynamics approach.32 The Rh~111! sur-
face is modeled using the supercell approach, where we use
a seven-layer ~111! Rh slab with a vacuum region corre-
sponding to six interlayer spacings. Oxygen atoms are ad-
sorbed on both sides of the slab. Oxygen atoms and all atoms
in the two outer Rh substrate layers were allowed to relax
while the central three layers of the slab were fixed in their
calculated bulk positions. For this calculation we used RMT
Rh52.3 bohrs, Ecut515.3 Ry, and a (14314314)
Monkhorst-Pack grid for the fcc bulk unit cell. The calcu-
lated bulk lattice constant changes by less than 0.1% if for
these parameters values corresponding to those used for the
surface calculations are used. The other LAPW parameters
have the same values ~see below! in both cases. In order to
study the effect of oxygen adsorption on the electronic struc-
ture and properties of the substrate as a function of coverage
Q , we have considered Q50.25, 0.5, and 1.0 ML O adlayers
with a (232), (231), and (131) periodicity. For a cov-
erage of 0.25 ML, we optimized the structure maintaining
the threefold rotation symmetry of the clean surface with O
either in the fcc-hollow site or in the hcp-hollow site. For the
0.5 ML case, the allowed symmetry of the adsorbate is re-
duced and oxygen atoms are also allowed to move laterally
along the @2¯11# direction. For the 1.0 ML case, we consid-
ered O-(131) adlayers with O atoms in the fcc- and hcp-
hollow sites.
The FP-LAPW wave functions in the interstitial region
are represented using a plane-wave expansion where the en-
ergy cutoff is taken to be Ecut516 Ry, and for the potential
representation, plane waves up to 169 Ry are considered.
Inside the muffin-tin spheres (RMTRh 52.2 bohrs, RMTO 51.4
bohrs) the wave functions are expanded in spherical harmon-
ics with l up to 12. A maximum of l56 is considered for the
wave functions entering in the evaluation of nonspherical
matrix elements. For the expansion of the density and poten-
tial inside the spheres, a maximum of l54 is used. The
Brillouin-zone integration have been performed using a
(1231231) Monkhorst-Pack grid for the (131) surface
unit cell. These are 180 k points in the full surface Brillouin
zone, which include the G¯ point. For the (231) and
(232) surface unit cells, grids have been chosen so as to
obtain the same sampling of the reciprocal space. A tempera-
ture broadening with a Fermi function is used with a broad-
ening parameter Tel50.005 Ry in order to reduce the num-
ber of k points that are necessary to calculate the total energy
of the metallic systems. For the study of the O2 dimer, we
have used different values for some of the LAPW parameters
as indicated in the text below. Core states are treated fully
relativistically, and for valence states, relativistic effects are
included in a scalar relativistic treatment. The accuracy of
the physical and numerical approximations made with the
present calculational setup is discussed in the appendix.
III. RESULTS AND DISCUSSION
A. Clean Rh111
In order to determine the effects of oxygen chemisorption
on the Rh~111! surface structure, we first investigated the
bare metal surface. The Rh substrate was set up with the
calculated bulk lattice constant ~DFT-GGA! of a053.83 Å,
neglecting zero-point vibrations. The calculated cohesive en-
ergy is E056.1 eV and the bulk modulus is B
52.59 mbar. The experimental values for lattice constant,
cohesive energy, and bulk modulus are a053.803 Å, E0
55.75 eV, and B52.69 mbar, respectively.33,34 The calcu-
lated values are in line with other DFT-GGA results.35,36 For
the clean Rh~111! surface a contraction of the two outer in-
terlayer spacings with respect to the bulk value d0 by
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values are in good agreement with the surface relaxations for
Rh~111! determined by recent LEED analyses; in Ref. 37,
the values D12 /d05(21.460.9)% and D23 /d05(21.4
61.8)% and, in Ref. 20, D12 /d05(20.960.9)% and
D23 /d05(20.060.9)%, have been reported. Other DFT
calculations, however, using the local-density approximation
~LDA! reported D12 /d0522.5% ~Ref. 38! employing the
full-potential–linear muffin-tin orbital method, and D12 /d0
5(21.760.2)%, D23 /d05(20.2560.15)%, and D34 /d0
5(10.6060.15)% using ultrasoft pseudopotentials.39
B. Coverage dependent O-induced surface relaxations
The chemisorption of O atoms on a Rh~111! surface was
investigated at three coverages, Q50.25, 0.5, and 1.0 ML
with oxygen occupying either fcc or hcp sites. We present
here the results of the structure optimization for the different
coverages of O chemisorption on the fcc site and compare
them with available results of LEED analyses. The coverage
dependence of the oxygen-induced Rh surface relaxations
will also be discussed.
The calculated atomic geometries of the O-(232) and
O-(231) covered Rh~111! surfaces are displayed in Figs. 1
and 2 and compared with the results of dynamical LEED
analyses in Tables I and II, respectively. At Q50.25 ML,
Schwegmann et al.20 performed a LEED analysis optimizing
the oxygen-rhodium interlayer spacing dO-Rh, as well as lat-
eral and vertical displacements of Rh atoms in the outermost
Rh layer while preserving the local threefold rotational sym-
metry of the adsorbate. In the present calculations, atoms of
the second substrate layer were also allowed to relax. At the
stable adsorption geometry the triangle formed by the three
Rh atoms in the first layer below the O atom has laterally
expanded. The calculated amplitude of these in-plane dis-
placements, DrRh1 , radially away from the chemisorbed oxy-
gen as indicated in Fig. 1, is 0.03 Å, in good agreement with
the results of the LEED analysis of Ref. 20. The fully relaxed
FIG. 1. Top and side view of the O-(232)/Rh(111) structure.
The arrows indicate the direction of the atomic displacements of the
substrate atoms DrRh1 , DzRh1 , and DzRh2 of Table I. Small dark
grey circles represent oxygen atoms, and large white and grey
circles represent Rh atoms, where those lying in the same plane and
equivalent under the threefold rotation symmetry have the same
color.O-Rh bond length for adsorption on the fcc-hollow site is
2.00 Å, with oxygen adatoms 1.21 Å above the closest Rh
layer ~see Fig. 1!. Moreover, 0.25 ML of oxygen induces a
small buckling, DzRh , in the two outermost Rh layers of
about 0.13 Å and 0.08 Å, respectively. Calculated vertical
spacings are indicated in Fig. 1 and in Table I mean inter-
layer spacings are compared with the results of the LEED
data analysis of Ref. 20. The high quality of the DFT-GGA
atomic geometry is clearly manifested by the results listed in
Table I. Both the results of the present calculations and those
of the LEED analysis20 agree that the mean outermost sub-
strate interlayer spacing d¯ 12 is expanded relative to the cor-
responding value for the clean surface. We have calculated
an increase from 2.17 Å to 2.25 Å compared to the resulting
FIG. 2. Top and side view of the O-(231)/Rh(111) structure.
The arrows indicate the direction of reference for the atomic in-
plane displacements DxO , DxRh1a, and DxRh1b and for the vertical
displacements DzRh1 and DzRh2 of Table II. Small dark grey circles
represent oxygen atoms, and large white and grey circles represent
Rh atoms, where those lying in the same plane and symmetry
equivalent have the same color.
TABLE I. Calculated structural parameters in Å for the
O-(232)/Rh(111) structure with O in the fcc-hollow position. The
experimental data are from Ref. 20. The in-plane displacements of
the first substrate layer atoms ~see Fig. 1! are denoted as DrRh1. For
the interlayer distances, the center of mass of each Rh layer is used.
Numbers in parentheses correspond to bulk values, which were
fixed. O-Rh indicates the bond length and DzRh1, DzRh2 the buck-




d¯ 12 2.25 2.2460.04
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analysis.20 The calculated and LEED determined inter-
layer spacings of the bulk-terminated surface are 2.21 Å and
2.194 Å, respectively, which means that the contraction of
the outermost Rh interlayer spacing has been completely re-
moved by oxygen adsorption at a quarter of a monolayer.
For the higher coverage O-(231) structure, we also only
present the optimized structure with oxygen adatoms in the
fcc-hollow sites. As for the Q50.25 ML coverage, Rh atoms
of the second substrate layer are allowed to relax. The result-
ing atomic structure with the unit cell used to describe the
0.5 ML coverage is shown in Fig. 2. The structural charac-
teristics are the following: The O atoms are adsorbed slightly
displaced, DxO50.03 Å, from the center of the fcc site as
indicated in Fig. 2. Simultaneously, small lateral displace-
ments of the bulk-terminated Rh~111! surface DxRh in the
outer substrate layer of up to 0.07 Å in the opposite direction
were induced by the adsorption. The in-plane forces exerted
on the second substrate Rh atoms are zero at the minimum-
energy position. The vertical spacings are also indicated in
Fig. 2. Both the two outer Rh layers are slightly buckled. In
Table II, where we compare the DFT-GGA atomic geometry
with the results of the LEED analyses of Ref. 20 and Ref. 19
for the interlayer distances, the center of mass of each layer
is used. O-Rh bond lengths are also given. In Ref. 20 only
vertical and lateral displacements of the O layer and the out-
ermost Rh layer were considered in the analysis. The good
quality of the DFT-GGA atomic geometry for this higher
coverage becomes evident by inspection of Table II. The
DFT-GGA and LEED in-plane relaxations of the Rh atoms
of the outer substrate layer and the lateral displacement of
the O atoms agree to within the experimental uncertainties.
The agreement is also good for the O-Rh bond lengths, for
the height of O atoms above the outermost Rh plane, and for
the buckling of the atoms of the surface layer. For this
higher-coverage structure, the calculated mean outer sub-
strate interlayer spacing d¯ 12 shows a larger expansion with
TABLE II. Calculated structural parameters in Å for the
O-(231)/Rh(111) structure. The experimental data are from Refs.
20 and 19. The lateral displacements of the atoms Rh1a and Rh1b
~see Fig. 2! are denoted as DxRhi , and for the interlayer distances,
the center of mass of each Rh layer is used. Numbers in parentheses
correspond to bulk values, which were fixed. O-Rhi indicate bond
lengths and DzRh1 , DzRh2 the buckling in the first and second out-
ermost layers, respectively.
DFT-GGA Ref. 20 Ref. 19
O-Rh1a 2.00 2.0260.08 2.0160.08
O-Rh1b 1.98 2.0060.08 1.9260.08
d¯O-Rh 1.23 1.2560.05 1.22
d¯ 12 2.28 2.2660.04 2.23
d¯ 23 2.23 ~2.194! 2.21
d¯ 34 ~2.213! ~2.20!
DzRh1 0.09 0.0460.04 0.0760.03
DzRh2 0.08 0.0360.03
DxO 10.03 10.0060.08 10.0560.08
DxRh1a 20.07 20.0960.10 20.04
DxRh1b 20.01 20.0160.10 20.05respect to the relaxed clean surface than the lower coverage
Q50.25 ML structure, from 2.17 Å to 2.28 Å. In Ref. 20, an
increase in d¯ 12 from 2.174 Å to 2.260 Å has been reported.
For the highest coverage of Q51.0 ML, unlike the
lower-coverage cases, no in-plane relaxation is allowed in
the calculations due to the symmetry of the unit cell. The
resultant top and side views with O in the fcc-hollow site are
shown in Fig. 3 and listed in Table III. We have calculated
an outermost interlayer spacing of 2.37 Å.
Upon O chemisorption the changes in the mean outermost
Rh interlayer spacing Dd12 relative to the unrelaxed clean
surface interlayer spacing d0 strongly vary with coverage.
The results are summarized in Fig. 4. The clean Rh~111!
surface is contracted by 1.8%, but only very small amounts
of chemisorbed oxygen (;0.1 ML) are needed to remove
that contraction. Coverages of Q50.25, 0.50, and 1.0 ML
induce relative expansions Dd12 /d0 of 1.5%, 3.0%, and
7.2%, respectively. LEED intensity analysis20 yields a con-
tracted clean Rh~111! surface ~0.9%! and an expanded sur-
face layer upon adsorption for Q50.25 ML by 1.9% and for
Q50.50 ML by 3.0% with respect to the bulk value.
FIG. 3. Top and side view of the O-(131)/Rh(111) structure.
Small dark grey circles represent oxygen atoms, and large white
and grey circles represent Rh atoms, where those lying in the same
plane and symmetry equivalent have the same color.
TABLE III. Calculated structural parameters in Å for the
O-(131)/Rh(111) structure with O adatoms on fcc sites. Numbers
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those of O/Ru~0001!. Prior LEED work on the O/Ru~0001!
system20,40 and DFT calculations10 show that oxygen chemi-
sorption also causes a gradual removal of the clean Ru~0001!
surface contraction, but the effect is much less pronounced
than for Rh~111!. The DFT calculated oxygen-induced rela-
tive changes in the outer interlayer spacing of Ru~0001! from
low coverages up to a full monolayer, where the O adatoms
occupy hcp-hollow sites,10 and the corresponding results of
the LEED analysis of Ref. 20 are displayed in Fig. 4. We
observe that a coverage of Q50.5 ML on Rh~111! induces a
similar relative expansion of the outer interlayer spacing as
the higher coverage of Q51.0 ML does on Ru~0001! and
that Q;0.5 ML is needed to remove the contraction of the
clean Ru~0001! surface, in contrast to the already mentioned
Q;0.1 ML needed for Rh~111!.
These results can be interpreted on the basis of rather
simple ideas. The outermost atomic layer of most clean
transition-metal surfaces shows an inward relaxation. As ex-
plained by Methfessel et al.,38 the magnitude of this relax-
ation shows a roughly parabolic dependence with d occupa-
tion across the series, being largest for a half-full band. This
trend is related to the well-known parabolic dependence on
the d occupation of the cohesive and surface energies, which
are roughly proportional to the square root of the energy per
nearest-neighbor bond. Experimental values for the cohesive
energy of the Ru and Rh bulk are Ecoh
Ru 56.74 eV/atom and
Ecoh
Rh 55.75 eV/atom.34 Cutting some of the nearest-neighbor
bonds on an atom to create the surface enhances the strength
of the remaining ones, which tends to contract the surface
and gives rise to tensile surface stress. The strength of the
bonds at Ru~0001! is stronger than those at Rh~111!. Thus
the inward relaxation of the clean Ru~0001! surface is larger
than that of Rh~111!. It is actually the combination of this
effect with that of the sp-electrons spillout that governs the
relaxation trend across the series.38
Upon oxygen adsorption on Rh~111! electron density is
reduced between the two outermost substrate layers, which
FIG. 4. Calculated change in the mean outermost interlayer
spacing relative to that of the bulk-terminated surface as a function
of the oxygen coverage for the O/Rh~111! system with O in the
fcc-hollow sites. Calculated values for O/Ru~0001! with O in the
hcp-hollow sites are those of Ref. 10. Experimental values for the
O/Rh~111! ~Ref. 20! and O/Ru~0001! ~Ref. 20! systems are also
given.empties Rh-Rh bonding states. Thus, the Rh-Rh bonds get
weakened giving rise to the oxygen-induced increase of the
outermost interlayer spacing of the Rh substrate at all cover-
ages. Figure 5 illustrates it for one example by showing con-
tour plots of constant electron density in a @2¯11# plane
perpendicular to the clean Rh~111! ~left! and the
O-(131)/Rh(111) ~right! surfaces with O adatoms in fcc-
hollow sites. Figure 5 clearly shows that O adsorption re-
moves bonding charge from the bond between the Rh atoms,
which lie directly under the O adatoms in the first substrate
layer and their nearest neighbors in the second substrate
layer. Note that the charge density has been reduced from 0.4
e/Å3 ~between neighboring Rh atoms on the second and
third substrate layers! to 0.3 e/Å3. Thus, Fig. 5 confirms that
the interaction between the negative O and its first Rh neigh-
bors works against the bonding of the latter to second-layer
Rh atoms. This adsorbate-induced effect is stronger on
Rh~111! than on Ru~0001! because surface bonds at the
clean Rh~111! surface are weaker as discussed above.
In all the order phases of O on Rh~111! that form in
nature, O adsorbs in the fcc site and on Ru~0001! in the hcp
site. These are the sites that a next substrate layer would
occupy; they are stabilized by a lowering of the occupied
density of states ~DOS!, following the trend that systems like
to attain a chemically-hard electronic structure, i.e., a low
density at the Fermi level. Thus essentially the same effect
that stabilizes the fcc structure of bulk Rh and hcp of bulk
FIG. 5. Contour plots of constant electron density in a @2¯11#
plane perpendicular to the ~111! surface of Rh without ~left! and
with a 1 ML of atomic O adsorbed in a (131) structure on fcc-
hollow sites ~right!. Distances between constant-density contours is
0.1 e/Å3. Notice that O adsorption removes bonding charge from
the bond between the Rh atoms, which lie directly under the O
adatoms in the first substrate layer and their nearest-neighbors in the
second substrate layer. The distances between each Rh atom that is
adjacent to an O and its subsurface Rh nearest-neighbors exceeds
the bulk Rh nearest-neighbor separation Rnn by 4.9%. Bond lengths
between neighboring Rh atoms on the second and third substrate
layers is 1.2% longer than Rnn . Corresponding bond lengths for the
clean Rh~111! surface are 1.2% and 0.6% shorter than Rnn , respec-
tively.
15 538 PRB 59M. V. GANDUGLIA-PIROVANO AND M. SCHEFFLERRu.41 We shall discuss in more detail the preferred fcc ad-
sorption site for O on Rh~111! in Sec. IV.
C. Coverage dependence of the work function
To gain insight into the nature of the O-Rh bond, we
discuss the work-function change as a function of coverage.
The calculated work function of the clean Rh~111! surface is
F55.23 eV. Experimental values are 4.98 eV for polycrys-
talline Rh ~Ref. 42! and 5.3 eV for crystalline Rh~111!.43
Previous DFT-LDA studies38 calculated the value F
55.44 eV. Figure 6 shows the calculated work-function
change DF as a function of oxygen coverage Q . Initially,
the work function rises linearly as a function of Q; at Q
50.75 ML it reaches its saturation value. As can be noted,
we also performed calculations for a structure with coverage
Q50.75 ML. In this structure O atoms are placed in fcc-
hollow sites in the (232) surface unit cell. Such an increase
in the work function upon oxygen adsorption reflects the
high electronegativity of oxygen that results in an induced
inward dipole moment, i.e., with the negative charge at the
vacuum side of the surface. This is clearly seen in Fig. 7,
which shows contours of constant charge density, in a
@2¯11# plane perpendicular to the ~111! surface, of the
charge-density difference between the chemisorbed system
@O-(232) with O in fcc-hollow sites# and the sum of both
the charge density of the clean Rh~111! surface ~with dis-
tances between Rh atoms as in the chemisorbed system! and
that of the isolated adatom. DF(Q) is the electrostatic field
built by the adsorbate-induced dipole moment m(Q), and
Fig. 6 shows how DF and m change with increasing cover-
age. The coverage dependence of the induced dipole per ada-
tom is a consequence of the dipole-dipole interaction giving
rise to a depolarization with decreasing O-O distance. At
lower coverages O adatoms are partially negatively charged
FIG. 6. Calculated work-function change ~top! and adatom di-
pole moment ~bottom! for O on Rh~111! as a function of the oxygen
coverage Q . Oxygen atoms occupy the fcc-hollow sites.implying a significant adsorbate-adsorbate repulsion. Reduc-
ing the electron transfer and the oxygen-induced dipole is
energetically favorable for higher coverages as it reduces the
O-O repulsion.
IV. HEAT OF ADSORPTION OF O2
An estimate of the stability of O adlayer structures on
Rh~111! with respect to adsorption of O2 is of considerable
interest because dissociative adsorption of O2 molecules re-
presents an important step in many catalytic reactions. The






where N0 is the number of oxygen atoms in the unit cell,
EO,Rh , ERh , and EO represent the total energies per unit cell
of the Rh slab with oxygen adatoms, the clean Rh slab, and
the free oxygen atom, respectively. The heat of adsorption of
O2 is then
DHad~Q!52Eb~Q!2D , ~2!
where D is the dissociation energy of the O2 molecule. A
positive value for the heat of adsorption indicates that the
dissociative adsorption of O2 is exothermic. That is, the
binding energy per O adatom on Rh~111! is larger than that
which the O atoms have in O2 ~gas!, i.e., D/2. Binding en-
ergy Eb and adsorption energy per O atom Ead5DHad/2 dif-
fer by half of the dissociation energy of the O2 molecule.
The calculations of the total energy of an isolated O atom,
which are involved in the calculation of the atomic oxygen
binding energies @see Eq. ~1!#, have been performed using
the local spin-density approximation and the generalized gra-
FIG. 7. Contours of constant charge density in a @2¯11# plane
perpendicular to the ~111! surface of O/Rh with 0.25 ML of atomic
O adsorbed in a (232) structure in fcc-hollow sites. Contours cor-
respond to a charge-density difference, namely, that of the chemi-
sorbed system from which both the charge density of the clean
Rh~111! surface ~with distances between Rh atoms as in the chemi-
sorbed system! and that of the isolated adatom layer has been sub-
tracted. Distances between constant-density contours is 0.04 e/Å3.
The picture displays the induced effect by the adsorption of a high
electronegative O atom on the valence charge of its nearest-
neighbor metal atoms.
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with G-point sampling of the Brillouin zone ~other param-
eters as in Sec. II! without spherically averaging the electron
density in the open shell. For the calculation of the dissocia-
tion energy of the isolated O2 molecule, D total energies of
O2 and atomic O have been determined using the generalized
gradient approximation in a cubic cell of side length 15
bohrs with G-point sampling of the Brillouin zone, Ecut
524 Ry, and RMT
O 51.1 bohrs ~other parameters as in Sec.
II!; the electron density in the O atom open shell is not
spherically averaged. Here, the oxygen muffin-tin radius is
smaller compared to that used for the study of the chemi-
sorbed systems. Therefore, the kinetic-energy cutoff for the
plane-wave basis needed for the interstitial region is larger.
The binding energy per O atom in O2 is calculated to be
D/252.983 eV/atom and the bond distance 2.3011 bohrs.
The experimental results for the O2 binding energy and
for the ground-state bond distance are 2.560 eV/atom per O
atom44 and 2.2818 bohrs, respectively.45 The overestimation
of binding energies and bond distances are in line with ear-
lier density-functional calculations that included gradient
corrections.46–50
Table IV and Fig. 8 summarize the calculated O adsorp-
tion energies, Ead of O on Rh~111! for the surface structures
investigated. Binding energies for adsorption of oxygen on
FIG. 8. Calculated adsorption energy ~top!, Ead5DHad(Q)/2 in
eV/atom, as a function of oxygen coverage Q on Rh~111! for the
surface structures investigated. Calculated values for O/Ru~0001!
~bottom! are from Ref. 10.
TABLE IV. Adsorption energies, Ead5DHad/2 @Eq. ~2!#, in eV/
atom for the adlayers structures investigated.
Structure Coverage fcc-hollow site hcp-hollow site
O-(232) 0.25 2.24 2.13
O-(231) 0.5 1.95 1.81
O-(131) 1 1.40 1.22Rh~111! in fcc- as compared to hcp-hollow sites differ by
less than 0.2 eV/atom. This difference in binding between
fcc and hcp hollows remains relatively constant and small as
a function of coverage but clearly favors the fcc sites in
agreement with the results of LEED analyses19,20 and ion
scattering data.25 Because the difference in binding energy
between the fcc- and hcp-hollow sites is small, one may
expect that a mixed site occupation would be preferred at
finite temperatures. It is interesting to compare these results
with those for O adsorption on Ru~0001!. Figure 8 shows the
DFT-GGA calculated adsorption energies of O on Ru~0001!
using pseudopotentials of Ref. 10. We have already men-
tioned that O on Ru~0001! occupies hcp-hollow sites, i.e., the
sites that a next substrate layer would occupy. We note that
at lower coverages the hcp-hollow sites are favored over the
fcc-hollow sites by as much as 0.4 eV/atom.
In the following we will analyze in simple terms, i.e.,
qualitatively, the stronger O binding in fcc sites on Rh~111!.
The leading structural differences at the two kinds of hollows
is the location of atoms in the second-neighbor shell; thus a
small difference in adatom binding energies at the two sites
is to be expected. The scenario that leads to the fcc-site pref-
erence begins with the observation that the bond between O
and Rh atoms is not purely covalent. We argue that the O site
preference on Rh~111! is based on a stronger ionic bonding
in the fcc site and that the covalent bonding between O and
Rh substrate atoms for both hollow sites is virtually identi-
cal.
Figure 9 shows the total density of states of the
O-(232)/Rh(111) (Q50.25 ML) slabs, with O at the fcc-
and hcp-hollow sites, and of the clean Rh~111! slab. The
differences between the O-covered and the clean Rh~111!
total DOS, which give the O adatom total DOS, are little
affected by the location of the adatom on the surface. That is,
Fig. 9 reflects that the covalent bonding between an O ada-
tom and its Rh neighbors at both sites is practically identical.
A telling feature of the computed electronic structure prop-
erties are the work functions and the relative positions of the
1s oxygen core level. The calculated work functions are 5.79
eV and 5.68 eV for the O-(232)/Rh(111) structures with O
FIG. 9. Calculated total densities of states ~states/eV! for the
O-(232)/Rh(111) structures considered and for the clean Rh~111!
surface. Thicker lines show total DOS differences for O adatoms in
the fcc ~solid line! and in the hcp ~dashed line! hollows.
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That is, for the fcc-site adsorption the work-function change
DF ~see Sec. III C! is largest. As already mentioned, a work-
function increase reflects the electron transfer from the sub-
strate to the O adatom caused by the high electronegativity
of O. Moreover, the calculated O 1s core energies with re-
spect to the Fermi level such that they are aligned in energy
show that the 1s core level for O at the fcc site is less bound
by 0.36 eV. This initial-state effect reflects the larger elec-
trostatic repulsion at the fcc site, where a somewhat more
negatively charged O atom is adsorbed. O finds fcc hollows
on Rh~111! favorable because of a stronger ionic bonding.
As the coverage increases, the binding energy per O atom
decreases, but for all coverages O2 dissociation is exother-
mic. Such a behavior reflects the repulsive adsorbate-
adsorbate interactions with decreasing O-O distance. Thus,
the high-coverage (131) adlayer structure is stable by 1.40
eV/atom and may be able to form. However, as mentioned in
the Introduction, under UHV conditions experiments indicate
that the (231) phase is the terminal one. Therefore, the
formation of such a dense structure by exposing the surface
to O2 may be hindered by energy barriers for the oxygen
dissociation.
A notable difference between O adsorption on Rh~111!
and Ru~0001! is that for the latter the predicted stability of a
high-coverage (131) phase by DFT calculations10 has been
confirmed experimentally.11 The calculated adsorption en-
ergy for the stable O-(131)/Ru(0001) with O on the hcp-
hollow sites is larger by ;1.8 eV/atom than that which O
atoms have in O2.10 Room-temperature exposure of Rh~111!
and Ru~0001! to O2 leads to saturated atomic oxygen layers
associated with the formation of O-(231) phases. However,
as mentioned above, exposure of the O-(231)/Ru(0001) to
NO2 at a sample temperature of 600 K resulted in an
O-(131) ordered adlayer.11 The same approach was tried in
order to reach high O coverages on Rh~111!, but in contrast
to Ru~0001!, before the half-order LEED spots faded away
completely, additional spots indicated a ;(737) lattice.20 A
similar result was previously reported by Castner and
Somorjai.17 After heating a Rh~111! sample in a 1-torr O2
pressure at 975 K for 10 min, they observed an (838) pat-
tern, which they assigned to an epitaxially grown
Rh2O3(0001) surface oxide on the Rh~111! substrate.
Moreover, a recent x-ray photoelectron diffraction ~XPD!
study of the O/Rh~111! system, after exposure to 105 LO2 at
a surface temperature of 470 K, indicates that ;0.05 ML of
subsurface oxygen can be stabilized on Rh~111!, while the
concentration of the adsorbed species rises to 0.83 ML.28
Similarly, a few percent of subsurface oxygen species was
observed on Ru~0001! after dosing 1.53106 L of O2 at a
temperature of about 450 K.12 However, the concentration of
the adsorbed on-surface species was 1 ML. At about 600 K
the oxygen uptake increased steeply due to further penetra-
tion of oxygen into the subsurface region and substantially
higher total coverages were achievable.
We are presently investigating the stability of subsurface
oxygen on Rh~111! as a function of on-surface coverage. Our
calculations indicate, for example, that the occupation of the
subsurface octahedral site in the (232) structure, just below
the first Rh layer, is still exothermic for an on-surface cov-
erage of 0.75 ML; however, appreciably less favorable thanthe on-surface sites for a 1.0 ML coverage. Thus, we argue
that the existence of a dense O overlayer with a (131)
periodicity is possible because oxygen will be incorporated
as a subsurface adsorbate only when the (131) adlayer is
~nearly! completed. The results will be discussed in a future
paper.
Our calculated binding energies Eb(Q)5Ead(Q)1D/2 of
O on Rh~111! are compared to those of Loffreda et al.24 in
Table V. The largest quantitative difference with our results
is as much as ;0.2 eV/atom. The agreement seems reason-
able if we consider the number of different approximations
involved in the calculations of Ref. 24 compared to the
present study, in particular, the use of the LDA exchange and
correlation potential of Vosko-Wilko-Nusair for the wave-
function calculation and the nonlocal gradient corrections
~Becke 88 for the exchange and Perdew 86 for the correla-
tion energies! for the energies. The atoms were modeled by a
frozen core, and relativistic effects were not included in the
calculations. Moreover, no relaxation of the clean and
oxygen-covered surfaces was considered, and the experimen-
tal lattice constant had been used to set up the slabs geom-
etries with O placed at the bond length optimized for the
lowest-coverage ~unrelaxed! structure studied. Although in
Ref. 24 most of the above different approximations were
tested and no change in the general trend has been reported;
the errors they introduce may add to some degree to account
for the quantitative difference between those and the present
results.
Temperature programmed desorption ~TPD! is generally a
powerful method for extracting activation energies for de-
sorption for adsorbate systems. However, the data for oxy-
gen on rhodium surfaces are often contradictory or inconsis-
tent, which seems to be mainly due to the difficulty of
cleaning the surface and keeping it clean. In particular, resi-
dues of carbon react with the oxygen at high temperature and
remove intensity from the signal, while adsorption of either
hydrogen or CO from the residual gas also carries away
oxygen.2 Thus, the results of the analyses of thermal-
desorption data for the activation energy for oxygen desorp-
tion from O/Rh systems should be regarded with caution and
be taken only as a qualitative guide to bond strengths.
TPD studies of O/Rh~111! reported data for the activation
energy for desorption at low coverages yield values 2.43
60.10 eV/O2 to 3.6960.20 eV/O2.4,27,51 While part of
these discrepancies may be due to differences in heating rate,
the differences seem a bit too large to be explained com-
pletely in this manner. The consistent disappearance of oxy-
gen from the TPD spectra of Thiel et al.,51 even though it
was visible in the Auger spectra, suggests that there might
have been a problem of CO adsorption from the residual gas
or of carbon contamination.52 Nevertheless, the proposed ex-
perimental values for the heat of desorption seem to suggest
TABLE V. Binding energies, Eb @Eq. ~1!#, in eV/atom for the
adlayers structures investigated, with O at fcc-hollow sites.
Structure Coverage Present work Ref. 24
O-(232) 0.25 5.22 5.03
O-(231) 0.5 4.93 4.85
O-(131) 1 4.38 4.24
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~1.215–1.845 eV/atom! than our calculated value of 2.24 eV/
atom at Q50.25 ML.
Density-functional theory within the generalized gradient
approximation has demonstrated that the calculated bond en-
ergies of molecules, the cohesive energies of solids, atomic
and molecular adsorption energies, and the energy barriers
for molecular reactions are overestimated.50 In particular, the
energy scale that is relevant when comparing the density-
functional theory within the GGA of Perdew et al.29 derived
atomic binding energies @see Eq. ~1!# with experimental val-
ues is 0.25–1.0 eV/atom.50 For adsorption energies @see Eq.
~2!#, we expect somewhat less severe deviations because O
atomic adsorption (Ead) and binding (Eb) energies differ by
half the dissociation energy of O2, which is also overesti-
mated in DFT-GGA calculations. The calculated value, 2.24
eV/atom compares particularly poorly with the value ex-
tracted from Ref. 51, 1.215 eV/atom but presumably the dis-
agreement is due to the sample condition of that experimen-
tal study as explained.
Further inspection of Fig. 8, which compares the calcu-
lated adsorption energies of O adlayers on Rh~111! ~top!
with the corresponding calculated values for the O/Ru~0001!
surfaces ~bottom! of Ref. 10, shows that oxygen on Rh~111!
at the most stable fcc-hollow site binds less stronger than on
Ru~0001! at the hcp-hollow site, at all coverages. This is a
direct consequence of the dependence of the strength of the
oxygen-metal bond with the relative position of the center of
the clean metal surface d band. In the case of Rh compared
to Ru, additional antibonding states are populated near the
Fermi level, and hence the binding is weaker ~see, e.g., Ref.
53!.
V. SUMMARY
In summary, we have shown that adsorption of oxygen on
Rh~111! gives rise to different stable structures, namely
O-(232), O-(231), and O-(131) at coverages 0.25, 0.5,
and 1.0 ML, respectively. On the Rh~111! surface at all cov-
erages, the fcc-hollow site is the most stable over the hcp-
hollow site. This is due to the stronger ionic bonding of O at
the fcc sites. The prediction about the existence of a dense O
overlayer ~close to Q51) with a (131) periodicity is based
on the fact that oxygen will be incorporated as a subsurface
adsorbate only when the (131) adlayer is ~nearly!
completed.54 The structural and electronic properties of the
O/Rh~111! system have been investigated as a function of
oxygen on-surface coverage, Q . In particular, we have dis-
cussed the oxygen-induced increase of the average spacing
between the outermost substrate layers, which shows a
strong oxygen coverage dependence. This is illustrated in
Fig. 4. On Rh~111! a high electronegative O adatom interacts
with its nearest-neighbor metal atoms. Consequently, elec-
tron density is reduced between the two outermost substrate
layers. Thus, Rh-Rh bonds get weakened giving rise to the
oxygen-induced increase of the spacing between the outer-
most substrate layers. The calculated work-function change
as a function of Q reflects the high electronegativity of O,
which results in an induced inward dipole moment. This is
illustrated in Figs. 5–7.
A number of similarities and differences in adsorptionbehavior between Rh~111! and neighboring Ru~0001! sur-
faces have been discussed. For instance, O on Ru~0001! at all
coverages occupies hcp-hollow sites,10 the sites a next sub-
strate layer would occupy, a difference over O/Rh~111! that
can be traced back to the same effect that stabilizes the fcc
structure of bulk Rh and hcp of bulk Ru. Moreover, the
oxygen-induced effect on the spacing between the outermost
Ru~0001! substrate layers relative to the bulk interlayer spac-
ing is less pronounced. These effects can be traced back to
the higher cohesive energy of Ru over Rh. Finally, O binds
less strongly at the most stable fcc sites on Rh~111! than at
the hcp sites on Ru~0001!. This relates to the relative posi-
tion of the surface d-band center of the clean metal surfaces.
In order for the theory to help define precisely the detailed
nature of subsurface oxygen and surface oxides and unravel
the role of the interaction between O with Rh and Ru sur-
faces in the apparent ease of formation of unreactive surface
oxides on Rh surfaces, it is necessary to go beyond the ad-
layer systems; that is, to explicitly consider these other states
of oxygen. An effort to do so is our intention in future
work.54
Note added in proof. We have learned of the work of
Gibson et al.,55 who recently demonstrated that the Rh~111!
surface is capable of supporting a full monolayer of atomic
O when using atomic O for dosing. Oxygen is adsorbed as a
well-ordered ~131!-O overlayer, as shown by He atom dif-
fraction.
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APPENDIX
To test the accuracy of our calculated adsorption energies
on a number of approximations, namely, the cutoff energy of
the plane-wave basis set Ecut , the slab thickness, and the
number of k points to sample the Brillouin zone, selected
calculations were repeated with more accuracy. We find that
none of these affect the conclusions made in this work. In the
following, the results of these tests will be present as differ-
ences (DE) from the results previously discussed in the text.
In particular, because Ead5Eb2D/2 and the calculation of D
was performed using a higher Ecut , DEad5DEb . One
should, however, note that the calculation of Eb according to
Eq. ~1! involves the calculation of EO,Rh , ERh , and EO ,
which depend on the choice of Ecut .
~i! The cutoff energy of the plane-wave basis set, Ecut .
The present self-consistent structure optimizations and
binding-energy calculations were conducted for a 16-Ry cut-
off. In Fig. 10 we show the effect on the calculated binding
energy of the (131) structure with O adatoms on fcc sites as
a function of Ecut . We neglect changes due to further atomic
relaxations, i.e., the atomic positions have been fixed in their
stable positions of the Ecut516-Ry structure optimization.
Inclusion of such relaxations causes changes in the binding
15 542 PRB 59M. V. GANDUGLIA-PIROVANO AND M. SCHEFFLERenergies by less than 0.01 eV/atom. This shows that the cho-
sen Ecut516 Ry gives a good estimate of the stable geom-
etries and that the error of the binding energy of O on
Rh~111! at a coverage Q51.0 ML is less than
'0.1 eV/atom. Finally, to determine if this overestimation
of the calculated binding energy DEb induced by the use of
a 16-Ry Ecut is independent of coverage, we have investi-
gated for O in fcc sites and different coverages the effect on
the calculated binding energies due to a cutoff decrease from
16 to 15 Ry and an increase from 16 to 24 Ry ~calculations
performed for the 16-Ry stable geometries!.
The overestimation DEb of a 15-Ry against a 16-Ry cal-
culation is '0.2 eV/atom independent of the coverage, as
shown in Table VI. Similarly, the comparison of the calcu-
lated binding energies of a 24-Ry against a 16-Ry calculation
for the higher-coverage structures ~and the 16-Ry optimized
FIG. 10. Calculated binding energy differences, DEb in eV/
atom, for O in the fcc-hollow site and in the (131) adlayer struc-
ture as a function of the plane-wave expansion energy cutoff, Ecut .
Calculations have been performed at the stable geometry of the
16-Ry structure optimization and the other FP-LAPW parameters as
in Sec. II. Differences are referred to the 16-Ry self-consistent cal-
culation.geometries! gives values essentially independent of the cov-
erage ('0.1 eV/atom). These results demonstrate that the Q
dependence of the error induced by the use of a 16-Ry Ecut is
weak. The reason for the improvement of the calculated
overbinding can be attributed largely to a systematic im-
provement in the description of both the free oxygen atom
and the oxygen-covered surface. However, the error itself is
the result of a less accurate total-energy prediction for the
free O atom for lower cutoff energies. Thus the calculated
binding energies decrease as Ecut increases.
~ii! We approximate the surfaces by slabs of finite thick-
ness with O adatoms on both sides of the slabs. Extending
the Rh~111! from 7 to 9 and 11 close-packed layers weakens
the bond by 4 and 9 meV/atom, respectively.
~iii! The Brillouin-zone integration has been performed
using a (1231231) Monkhorst-Pack grid of special points
for the (131) surface unit cell, which corresponds to 180 k
points in the whole zone. For the (231) and (232) surface
unit cells, grids have been chosen so as to obtain the same
sampling of the reciprocal space. Tests with 360 and 540 k
points show that the convergence error for the binding ener-
gies of the (131) structure was lower than 0.01 eV/atom.
Thus the above discussed approximations are found to be
negligible on the scale that is relevant when comparing the
density-functional-theory-derived adsorption energies with
experimental values.
TABLE VI. Comparison of the calculated adsorption energies,
Ead in eV/atom for the adlayers structures investigated as a function
of Ecut , given as differences from the values obtained with a 16-Ry
self-consistent calculation. Calculations for 15 Ry and 24 Ry were
performed at the stable geometries of the 16-Ry structure optimiza-
tions.
Structure Coverage 16 Ry 15 Ry 24 Ry
O-(232) 0.25 0.0 10.177
O-(231) 0.5 0.0 10.185 20.060
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